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Introduction
Biomass represents a significant source of renewable energy (Song, 2002) . The gasification of biomass at high temperatures leads to the production of synthesis gas (syngas), which mainly consists of carbon monoxide (CO) and hydrogen (H 2 ). Syngas can be converted to liquid (ethanol, methanol, butanol, etc.) or gaseous (H 2 , methane) fuels by catalytic or microbial conversion (Henstra et al., 2007; Munasinghe and Khanal, 2010a; Sipma et al., 2006) . Syngas produced by partial oxidation using air, has a varying composition and a low heating value. It is often utilized for electricity generation by internal combustion (Bridgwater, 2006) , however the efficiency of the internal combustion generators is relatively low. Direct conversion of syngas to electricity in a fuel cell offers a cleaner and a more efficient process for electricity generation. However, fuel cells are sensitive to the changes in the syngas composition (Kim and Chang, 2009; Song, 2002) and impurities such as sulfur. For examples, solid oxide fuel cells are particularly sensitive to sulfur compounds, with >1 ppm sulfur leading to irreversible poisoning of the anode.
As an alternative, syngas could be converted to electricity in a microbial fuel cell (MFC) (Kim and Chang, 2009; Mehta et al., 2010) . This process relies on the ability of an anaerobic consortium of electricigenic and carboxydotrophic microorganisms to produce electricity from CO and H 2 . Such an MFC-based process might offer several advantages such as a high transformation efficiency, a broad range of operating conditions, high bio-catalytic activity and considerable resistance to poisoning by fuel impurities (Kim and Chang, 2009; Mehta et al., 2010) . Kim and Chang (2009) demonstrated electricity generation from CO in a two-stage reactor system, in which the CO was first microbiologically converted to fermentation products and then the products were fed to the second reactor (MFC). Instead of a two-stage process, we demonstrated electricity generation in a single chamber MFC directly fed with CO (Mehta et al., 2010) . The maximum volumetric power output and CO transformation efficiency of the systems were 6.4 mW L À1 R and 53%, respectively, and although comparable with current literature, this was relatively low. Based on experimental observations, Mehta et al. (2010) , suggested that the performance of a CO-fed MFC could be increased by adopting an efficient method for gas to liquid transfer, while optimizing the anodic chamber and avoiding CO related inhibition of electricigenic microorganisms.
For sparingly soluble gases such as CO, the primary resistance to transport is in the liquid side of the film at the gas-liquid interface (Bredwell et al., 1999; Riggs and Heindel, 2006) . Membrane systems offer an efficient and relatively inexpensive method for gas-liquid mass transfer with reduced reactor volumes (Munasinghe and Khanal, 2010a; Scott and Hughes, 1996) . Thin synthetic polymer membranes have been studied considerably for their mass transfer properties (Robb, 1968) . Hence, either a dense polymer or 0960-8524/$ -see front matter Ó 2011 Elsevier Ltd. All rights reserved. doi:10.1016/j.biortech.2011.09.057 a micro-porous membrane could be employed in a MFC depending on the characteristics of the gas and operating conditions of the process. In a dense polymer membrane, the gas is absorbed into the polymer at high pressure and is carried into the liquid (lower pressure side) by diffusion across the membrane (Yasuda and Lamaze, 1972) . In contrast, the gas in a micro-porous system is transported into the liquid through the pore system rather than through the polymer (Côté et al., 1989) . Dense polymer membranes, such as silicone membranes, offer an advantage over micro-porous membranes as they can be operated under high pressure conditions, which increase the concentration gradient and hence, the mass transfer rate (Côté et al., 1989) . Silicone membranes have been reported to be ideal for membrane based bubble-less aeration without vigorous mixing where a conventional system is unable to meet the O 2 requirements of a higher rate system (Ahmed and Semmens, 1992; Côté et al., 1989) . They also find wide applicability in modified atmosphere storage for fruits and vegetables because of efficient regulation of the gas levels in the storage chamber due to their selective gas permeation properties (Gariépy et al., 1994) . Though silicone membranes have not yet been extensively studied for CO transfer from gas to liquid, they have been reported to have much higher diffusion rates for gases in comparison to other hydro-carbon polymers (Robb, 1968) . Therefore, it was hypothesized that silicone membranes could offer an efficient membrane based mass transfer system for CO.
The current study compares the silicone membrane and silicone tubing membrane for CO transfer to the anodic liquid and demonstrates MFC operation on CO and syngas CO at an improved volumetric power output.
Methods

Membrane systems for CO transfer
The silicone membrane (SSP LLC, NY, USA) used in this study consisted of a fine nylon fabric (52-54 g/m 2 ) calendered with a thin uniform layer of silicone rubber ($90 lm). The fabric enhanced the mechanical properties of the membrane, while the silicone rubber was responsible for its gas permeation properties. A silicone tubing (VWR International LLC, Radnor, PA, USA) with a wall thickness of 9 lm and an external diameter of 0.076 mm was used. The total surface area for the silicone membrane and the tubing used in the tests was kept constant at 50 cm 2 .
Volumetric mass transfer coefficient (K L a) estimation
The experimental set-up for determination of K L a consisted of a 50 mL test chamber custom made (Wolltech, Montreal, Canada) from Makrolon (polycarbonate) plates filled with tap water (Figs. 1 and 2A). Silicone tubing wound around a support was placed directly inside the test chamber as shown in Fig. 1A . For the silicone membrane an extra plate serving as the CO compartment was attached to the test chamber with the membrane acting as a wall between the two compartments as shown is Fig. 2A . The inlet of the CO compartment or the silicone tubing was connected to a CO bag, while the outlet was connected to a manometer. Both, the CO compartment and the tubing were maintained at a constant pressure throughout the experiment. K L a values for CO were determined using the method described by Munasinghe and Khanal. (2010b) , introducing a step change in dissolved CO concentration and then evaluating the concentration as a function of time. For this condition, the desired CO flow rate was set using a peristaltic pump connected to a timer prior to the start of the experiment. A gas tight syringe was used to collect water samples from a sampling port in the liquid recirculation line at regular intervals until the dissolved CO concentration reached a steady state. The dissolved CO concentration was determined as described by Lide and Frederickse (1995) . The sampled liquid was transferred into a hermetically sealed vial and placed in a 90°C water bath for 10 min in order to achieve equilibrium between the liquid and the gas phase. The gas in the headspace of the vial was then analyzed as described below.
The K L a value was estimated based upon the mass balance equation dC=dt ¼ K L aðC ct À C t Þ (Munasinghe and Khanal, 2010b) , where C t is the dissolved CO concentration at time t and C ct is the CO concentration in equilibrium between the gas-liquid phase.
Assuming that C ct is constant at all times, there is no chemical reaction, and initially (at t = 0) there is no gas present in the test chamber, the solution of the mass balance equation yields:
Where: C o is the initial dissolved CO concentration. Eq. (1) corresponds to a linear relationship, in which the slope of the line is the volumetric mass transfer coefficient, K L a( Munasinghe and Khanal, 2010b; Riggs and Heindel, 2006) .
Medium composition, inoculum and analytical methods
The composition of the stock solution of nutrients in g/L was 1.87 NH 4 Cl, 14.81 KCl, 6.40 K 2 HPO 4 , 4.07 KH 2 PO 4 and 0.415 yeast extract. The trace metal stock solution was prepared according to Tartakovsky et al. (2008) . The chemicals used were all of analytical grade. The stock solutions were sterilized and maintained at 4°C until used. The MFC influent solution was prepared by adding 35 mL of the nutrient solution and 1 mL of the trace metal solution to 1 L of de-ionized water. This solution had a conductivity of 12 mS cm À1 . The MFC's were inoculated with 10 mL of anaerobic sludge obtained from a food processing plant (Lassonde Inc., Rougemont, QC, Canada). The sludge was stored at 4°C, and the pH of the sludge was 6.8-7.0.
Acetate and other volatile fatty acids (VFAs) were analyzed in an Agilent 6890 gas chromatograph (Wilmington, DE, USA) equipped with a flame ionization detector. The method details are provided in Tartakovsky et al. (2008) . The pH and conductivity of the effluent were measured periodically. The volume of inflow and outflow gas was measured using bubble counters connected to glass Utubes and interfaced with a data acquisition system.
The gas composition (H 2 , CO, CH 4 ,O 2 ,N 2 , and CO 2 ) was measured using an Agilent 6890 gas chromatograph (Wilmington, DE, USA) coupled to a thermal conductivity detector. Three hundred microliter of headspace sample was injected into a 4.5 m Â 2mm I.D. carboxen 1000 packed column from Sigma-Aldrich (St. Louis, MO, USA). The column was heated at 60°C for 7 min, then raised to 225°C at a rate of 60°C per minute and maintained for 6 min. Argon was used as carrier gas. The injector and detector were maintained at 125 and 150°C respectively.
MFC design, operation and characterization
MFC tests were conducted in an experimental set-up similar to that employed for K L a measurements. The 50 mL anodic compartment contained the 5 mm thick graphite felt anode measuring 10 Â 5 cm (Speer Canada, Kitchener, ON, Canada). A cathode was attached to one of the sides of the anodic compartment (Figs. 1 and 2B). All MFC tests were carried out using a carbon paper cathode containing 0.5 mg cm À2 Pt a catalyst, (GDE LT 120EW, E-TEK Division, PEMEAS Fuel Cell Technologies, Somerset, NJ, USA), which was separated from the anode by a piece of J-cloth, such that the estimated distance between the electrodes was 0.7-1 mm. The cathode was prepared as described in Mehta et al. (2010) . The MFC's were equipped with lines for influent, effluent, liquid recirculation, gas exit and entry as shown in Figs. 1 and 2B. Medium was prepared and fed to the MFC at a rate of 75 mL/day using peristaltic pump. The MFC's were operated at 33-35°C by heating the re-circulating liquid. The temperature was monitored and controlled by means of a thermocouple placed in the anodic chamber and a temperature controller (Model JCR-33A, Shinko Technos Co., Ltd., Osaka, Japan).
For silicone membrane MFC a 10 L gas bag (Control Concepts Inc., Calgary, Alberta, Canada) was used for continuous supply of CO. In the silicone tubing tests, the line for gas entry was connected to a CO cylinder and the CO flow rate was controlled by a flow meter (Alicat Scientific, AZ, USA). Several CO flow rates were tested in order to estimate and maximize CO consumption efficiency. The gas flow rates are expressed in L of gas fed per L of anodic chamber volume per day (L L À1 R d À1 ). CO flow rates of 4 and 6 L L À1 R d À1 were tested for silicon membrane MFC and CO flow rates of 2, 3 and 4 L L À1 R d À1 were tested for silicon tubing MFC (Table 1) . Each flow rate was tested for at least 7 days. In addition to CO tests, syngas operation was simulated by attaching a 10 L H 2 bag to the CO line. A flow rate of 4 L L À1 R d À1 was used for CO and H 2 into the silicon membrane MFC and 3 L L À1 R d À1 was used for silicon tubing MFC (Table 1) . The gas flow rates tested in this study were similar to that tested in the previous study (Mehta et al., 2010) . This was done to allow for a direct comparison of the volumetric power output and CO transformation efficiency achieved for the MFCs in this study to that achieved for the sparger installed MFC (Mehta et al., 2010) .
MFC voltage was measured on-line at 20 min intervals using a data acquisition system (Labjack U12, Labjack Corp., Lakewood, CO, USA). Polarization tests were carried out at the end of each test using the following method. First, the open circuit voltage (OCV) was measured by disconnecting external resistance for 30 min. The external resistance was re-connected and progressively decreased in 8-11 steps with an interval of 10 min between each step to allow for voltage stabilization. The 10 min intervals provided a steady state voltage, while avoiding significant changes in the carbon source concentration in the anodic liquid. Output voltage measurements were conducted at the end of each interval. The measurements were started at 5000 X and terminated at 10 X. These measurements were used to generate polarization (voltage vs. current density) and power (output power vs. current density) graphs (Logan, 2008; Mehta et al., 2010) . The linear part of the polarization curve produced was used to estimate the total internal resistance (Logan, 2008) . The open circuit potentials for anode and cathode were measured using a standard Ag/Agcl electrode (0.222 V vs NHE).
The Coulombic efficiency (CE) of the MFC was estimated as (Mehta et al., 2010) :
where I is the average measured current (A), Dt is the time interval during which current was measured (s), M CO is the molecular weight of CO (g), F is the Faraday constant (C/mol), n is the number of electrons (electron/mol), M CO,in is the amount of CO supplied (g) to the MFC during Dt and M CO,out is the amount of CO (g) recovered in the off-gas line during Dt.
The absence of power generation from the nutrients present in the influent stream (i.e. yeast extract) has been demonstrated earlier (Mehta et al., 2010) . A low voltage output of 3-4 mV (Rext = 500 X, Pout < 0.02 Â 10 -3 mW) was observed when the MFC was fed only with the solution of nutrients and microelements in the absence of CO-feeding for 1 week (Mehta et al., 2010) . In this study, at start-up the MFCs were operated under a constant external resistance and comparatively low CO flow rate. Once a steady power output was observed, the CO flow rate was stepped up and the external resistance was optimized using the Perturbation and Observation MPPT algorithm (Woodward et al., 2009 ). The external optimized resistance using the online algorithm was always found to be within the range of 20 X to that of the internal resistance obtained from the polarization curves. The effluent and anodic off-gas compositions were analyzed periodically. In order to estimate the dissolved CO concentration levels corresponding to optimum performance, the dissolved CO concentration in the anodic liquid was measured regularly. At each tested flow rate, polarization tests were performed to estimate the MFC internal resistance and maximum power output (P pt max ). Also, the average (P av ) and maximum operational power output (P op max ) observed during the course of MFC operation at a particular CO flow rate is also reported. Notably, P av takes into account the fluctuations in power output.
Results and discussion
Estimation of K L a
The K L a values for CO were calculated using the analytical solution of the dissolved CO material balance (Eq. (1) ). The silicone membrane and tubing were operated in a dead-end mode. This mode of operation allowed for an elevated gas pressure in the sys-tem due to gas build up, which increased the concentration gradient and hence the mass transfer of CO (Ahmed and Semmens, 1992) . The CO K L a for silicone membrane and tubing were estimated to be 0.63 ± 0.1 and 0.76 ± 0.2 h À1 , respectively. For an optimum performance of a CO-fed MFC, the rate of CO transfer needs to be matched to that of its consumption, since an excessive transfer would lead to CO-related inhibition of carboxydotrophic and electricigenic microorganisms (Henstra et al., 2007; Mehta et al., 2010; Sipma et al., 2006) . The CO transfer rates obtained for the silicone membrane and silicone tubing sufficiently matched to the gas transfer requirements for the CO-fed MFC in the study of Mehta et al. (2010) ; confirming the feasibility of using silicone membrane and tubing for CO transfer in MFCs. The K L a value for silicone tubing was comparably higher than for the membrane, conceivably due to the difference in their thickness (Ahmed and Semmens, 1992) . Comparable CO K L a in the range of 0.4-1.1 h À1 for composite hollow fiber membrane modules has been recently reported (Munasinghe and Khanal, 2010b) . To our knowledge, no other literature evaluating the mass transfer of CO (gas to liquid) through membrane systems is currently available.
MFC tests
The operation of the silicone membrane MFC was started with a CO flow rate of 2 L L À1 R d À1 and an external resistance of 1089 O. After a delay of 2 weeks, a steady voltage of 203 mV corresponding to a power output of 0.76 mW L À1 R was observed. At this point, the CO flow rate was stepped up to 6 L L À1 R d À1 and the external resistance was now optimized using the online optimization algorithm. After 9 days of operating the MFC at this flow rate, an average (P av ) and maximum operational power output P op max of 6 mW L À1 R (Fig. 5A ) and 11.2 mW L À1 R (Table 1) , respectively were observed. A maximum power output (P pt max ) of 10.1 mW L À1 R with an internal resistance of 175 O (Table 1) was estimated based on the polarization curves ( Fig. 3 ). An open circuit voltage (OCV) value of 576 mV was observed with the cathode and anode OCP values lying in the range of 200 and 210 mV and between 350 and 385 mV, respectively. Flow rates higher than 6 L L À1 R d À1 were not tested as it was found to impede the MFC output in our earlier study (Mehta et al., 2010) . As mentioned earlier, for the optimum performance of a CO-fed MFC, the rate of gas transfer must match the rate of its consumption. The relatively high levels of dissolved CO concentration at higher CO flow rates leads to the inhibition of carboxydotrophic and electricigenic microorganisms, thereby impeding the performance of the MFC (Henstra et al., 2007; Mehta et al., 2010) . Decreasing the CO flow rate to 4 L L À1 R d À1 increased P av and P op max to 8.4 mW L À1 R ( Fig. 5A ) and 19.3 mW L À1 R (Table 1) , respectively. Also, the CO transformation efficiency of the system increased to 74.2% (Table 1 ). The P pt max increased to 18 mW L À1
R Table 1 Performance of silicone membrane and silicone tubing incorporated MFCs at different carbon monoxide flow rates.
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Test L ( Fig. 3 ) and the internal resistance decreased to 80 O (Table 1) . This increase in performance was plausibly due to a drop in dissolved CO concentration levels as given in Table 1 . As the maximum power output for silicone membrane MFC was observed at a CO flow rate of 4 L L À1 R d À1 , the syngas test was performed by feeding both CO and H 2 at a flow rate of 4 L L À1 R d À1 . After an initial drop of power output to 2 mW L À1 R , the power output progressively increased to 10 mW L À1 R within 4 days of starting of the syngas test. The anodic chamber had to be opened at this point due to technical problems, which resulted in exposure of the anode to oxygen. The MFC was restarted with syngas feeding and a recovery period of 1 week was required before any activity could be observed. The power output later increased to 8 mW L À1 R . The performance of the MFC was plausibly hampered by the inhibition of the anaerobic carboxydotrophic and electricigenic microorganisms upon exposure to O 2 , which was ascertained by a decrease in anode OCP to between 220-240 mV. Carboxydotrophs are strict anaerobes that are sensitive to O 2 (Oelgeschlager and Rother, 2008) . A similar decrease in the output of a CO-fed MFC upon exposure of the anode to oxygen was also observed in our previous study (Neburchilov et al., 2011) . Continued operation of the MFC on syngas for 15 days produced P pt max and P av of 7 mW L À1 R (Table 1) and 7.2 mW L À1 R (Fig. 5A) respectively, which were approximately 65% higher than that previously reported for a syngas fed MFC (Mehta et al., 2010) .
Notably, the fluctuations in the power output observed during the operation of silicone membrane MFC was likely caused by trace amounts of O 2 in the gas bags used to feed the MFC with CO and H 2 . An increase in power output was always observed within 24 h of replenishing the gas bag. In order to obtain the best estimation of MFC performance the polarization tests were always performed within 24-30 h after replenishing the gas bags when the MFC performance was observed to be most stable.
In general, the performance of a silicone membrane MFC was comparatively better than that observed for the sparger equipped MFC in the previous study (Mehta et al., 2010) . The maximum volumetric power outputs, P av and P pt max at the CO flow rate of 4 L L À1 R d À1 were approximately 35% and 180% higher than that previously reported (Kim and Chang, 2009; Mehta et al., 2010) . Also, the CO transformation efficiency increased by 20%. The CE obtained during CO feeding was comparable to that reported for the sparger equipped MFC (Mehta et al., 2010) .
For studying the performance of the silicone tubing MFC, a silicone tube wound around a support (stainless steel mesh) was placed next to the anode. Also, in order to avoid the problem of fluctuation in power output due to O 2 diffusion in the gas bags, the CO line was connected directly to a CO cylinder. The tests were performed with the same anode as that used in the silicone membrane tests, thus the variations in power output resulting from differences in the microbial populations were avoided. The CO transformation efficiency in the silicon tubing MFC was comparatively higher than that observed for the silicone membrane MFC, with the maximum power outputs, P op max and P pt max observed at a CO flow rate of 3 L L À1 R d À1 (Table 1 ). The P pt max and P av were 13 mW L À1 R (Fig. 4) and 10.3 mW L À1 R (Fig. 5B ) respectively, which were approximately 60% and 103% higher than that observed in previous study (Mehta et al., 2010) . Also, a CO transformation efficiency of 92% was achieved (Table 1 .) Though the maximum CO transformation efficiency of 98.5% (Table 1) was observed at a flow rate of 2 L L À1 R d À1 , the power output (Fig. 4) was comparatively lower as the process was plausibly limited by low acetate concentrations. The electricity generation in a CO fed MFC predominantly takes place by the conversion of CO to acetate by the acetogenic carboxydotrophic microorganisms followed by the oxidation of acetate by CO tolerant electricigenic microorganisms. Low acetate levels at low CO flow rates limits electricity generation in a CO-fed MFC (Mehta et al., 2010) .
Silicon tubing MFC operation on syngas was tested by feeding CO and H 2 at a flow rate of 3 L L À1 R d À1 .AP pt max of 8.1 mW L À1 R ( Fig. 4 ) and a P av of 6.7 mW L À1 R (Fig. 5B) were observed, which were approximately 92% and 60% higher than that previously reported (Mehta et al., 2010) . Fluctuations in power output of silicon tubing MFC were less intense than those observed for silicone membrane MFC. However, the O 2 levels in the anodic chamber of silicone tubing MFC increased with the installation of the H 2 bag, impeding the carboxydotrophic activity, which can be inferred from the low CO transformation efficiency (41.5%) and a decrease in anode OCP (250-270 mV) observed during the syngas test.
In general, the volumetric power output of silicone tubing MFC was comparable to that obtained for silicone membrane MFC, but the CO transformation efficiency for silicone tubing MFC was considerably higher due to better CO gas to liquid transfer capability of silicone tubing as reflected by the higher CO K L a value for the tubing than for the silicone membrane. Consequently, the optimum level of dissolved CO was achieved at a lower CO flow rate. The power output was maximized at dissolved CO levels of 7.8-8 mg/ L( Table 1 ).
The maximum current density achieved for silicone membrane and silicone tubing MFCs were in a range of 1.0-1.4 and 0.7-0.9 A m À2 , respectively. Acetate-fed MFCs have been reported to have a similar current density of 1.1-2.0 A m À2 and a power output of 10-100 mW L À1 R (Logan et al., 2006; Lovley, 2008; Martin et al., 2010; Neburchilov et al., 2011; Pinto et al., 2010) . Such current densities could be considered low for a hydrogen fuel cell, however they are sufficient to consider an MFC as a feasible technology for electricity production from organic waste (Logan, 2010) . In our study, the anode occupied 25 mL of the anodic chamber. By recalculating the volumetric power output per anode volume, a power output of 36 mW/L anode for silicone membrane (at 4 L L À1 R d À1 ) and 26 mW/L anode for silicone tubing (at 3 L L À1 R d À1 ) was obtained, which implies that further design improvements/optimization of cathode and the anodic chamber can result in a higher power ouput for a CO-fed MFC.
The results of VFA and off gas analysis (Fig. 6) for silicone membrane and silicone tubing tests were in accordance to previous observations (Kim and Chang, 2009; Mehta et al., 2010) . The effluent measurements demonstrated the predominance of acetate as the major metabolite with propionate, methanol and ethanol were present only in trace amounts. The concentration of acetate increased as CO flow rate increased (Table 1) . Degradation products such as H 2 and CH 4 were detected in the anode off-gas. Based on the analysis of metabolic products, Mehta et al. (2010) hypothesized that the production of electricity in CO-fed MFC proceeds through multi-step concurrent pathways. The conversion of CO to acetate followed by the oxidation of acetate by CO tolerant electricigenic microorganisms is hypothesized to be the most prominent pathway. The following stoichiometric equations describe this pathway (Mehta et al., 2010; Hussain et al., 2011) :
The presence of H 2 in the off-gas when the MFC was operated on CO was indicative of hydrogenogenic activity. It was hypothesized that H 2 was used as an electron donor for electricity generation by the electricigenic microorganisms. Electricity generation in a MFC fed with H 2 has previously been demonstrated (Bond and Lovley, 2003) . This particular pathway can be expected to have profound relevance for MFC operation on syngas. Finally, the possibility of direct electron transfer to the anode by recently isolated metal reducing carboxydotrophic micro-organisms was also discussed (Mehta et al., 2010) . Even though significant levels of acetate were observed in the anodic liquid, the CE of the system was invariably low, conceivably due to the concomitant production of CH 4 and other degradation products (Mehta et al., 2010; Sipma et al., 2003) . In the study of Sipma et al. (2003) CO conversion in some cases led to the production of acetate and CO 2 and to CH 4 and CO 2 in others. More importantly it was noticed that acetate seemed to serve as the main intermediate for CH 4 production, implying that much higher CE for a CO-fed MFC can be achieved if the formation of CH 4 ,H 2 and other degradation products can be kept to a minimum. Mehta et al., (2010) reported a CE of 33% for a CO-fed MFC when the calculations were modified to take into account the consumption of fed CO for the production of CH 4 ,H 2 and acetate that was not used for electricity production. This CE is only marginally lower that reported for acetate MFCs with comparable designs (Logan, 2008) .
Overall, the operation of a silicone membrane and silicone tubing MFCs clearly demonstrated that the performance of a CO-fed MFC can be significantly increased by adopting efficient mass transfer techniques. In our earlier study (Mehta et al., 2010) , a sparger was used for gas to liquid transfer of CO. The installation of the sparger required not only the doubling of the anode compartment volume (100 mL) but also much higher CO flow rates to achieve the desired dissolved CO levels due to mass transfer limitations; resulting in considerable gas losses and a low CO transformation efficiency. In this study, with the installation of a silicone membrane or tubing, an efficient gas to liquid transfer was achieved with a reduced anodic volume (50 mL), which considerably increased the volumetric power output along with a significant increase in CO transformation efficiency.
Interestingly, we observed biofilm formation on the surface of silicone membrane (facing the liquid) and also on the tubing. Biofilm formation on membrane surfaces has been widely reported. In the patent held by Hickey et al. (2008) a membrane bioreactor was employed for the conversion of CO or syngas to ethanol and other liquid products. The membrane concurrently served as support for biofilm growth. Biofilm formation on the surface of silicone membranes in membrane bioreactors for waste gas and water treatment has been reported (Kumar et al., 2008; Reij et al., 1998) . This phenomenon of biofilm formation on silicone membrane surfaces is quite pertinent to CO-fed MFCs, where a biofilm formation on membrane surface would increase the density of acetogenic carboxydotrophic microorganisms in the anodic chamber and thereby increasing the acetate concentration and CO transformation efficiency.
CO and syngas fed MFCs offer a promising technology that has a number of advantages over polymer electrolyte membrane fuel cells (PEMFC) or solid oxide fuel cells (SOFC), as MFCs do not require noble catalysts at the anode nor are they very sensitive to fuel impurities as it has been previously reported in the case of PEMFC and SOFC (Kim and Chang, 2009; Song, 2002) . The MFC based process can be used to combine electricity production with hydrogen extraction from syngas or in combination with syngas biotransformation to valuable energy carriers, such as butanol (Pengmei et al., 2007) . 
Conclusion
This study demonstrated the feasibility of using dense polymer membranes such as silicone membranes and thin wall silicone tubing, for efficient mass transfer of CO into a MFC. Thin silicone membranes and tubing can be easily incorporated into a MFC without requiring extensive changes in its design. A P pt max of 13 mW L À1 R and 18 mW L À1 R was achieved in silicone tubing and membrane installed MFC respectively, which was approximately 103% and 180% higher than that previously reported. Also, much higher CO transformation efficiencies in the range of 75-99% were obtained. Future studies might focus on testing other gas diffusion membranes with a high affinity for CO. Improved gas transfer demonstrated by the membrane-based systems, allows for focusing on the process microbiology, which could lead to the isolation of novel electricigenic carboxidotrophic microorganisms.
